Microwave assisted magnetic reversal (MAMR) is studied for media comprising exchange-coupled composite elements comprising soft and hard layers. Reversal in such elements occurs under substantially reduced reversal fields, microwave fields, and microwave resonant frequencies as compared to those for homogeneous elements. Reversal can occur in uniform modes as well as non-uniform domain-wall assisted modes depending on the soft layer thickness. In addition, a multilevel MAMR scheme is suggested where the recording media comprise multiple levels of elements with each level having a distinct resonant frequency. These levels are addressed individually by tuning the frequency of the microwave field.
Introduction
A major limitation to increasing magnetic recording areal densities is the superparamagnetic effect, which leads to spontaneous reversal when magnetic particles become too small 1, 2 . Overcoming the superparamagnetic effect requires using materials with very high anisotropy, which translates into excessively high reversal fields. Several methods including heat-, precessional reversal-, and microwaveassisted-magnetic recording schemes have been proposed to solve this writability problem [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . Microwaveassisted magnetic reversal (MAMR) significantly reduces the reversal field when the microwave field frequency matches the ferromagnetic resonance (FMR) frequency of the media elements 10, 12, 13 . However, for ultra-high densities the required reversal fields as well as microwave fields and frequencies can still be too high for MAMR schemes using media with homogeneous elements. Provided that the writability and thermal stability problems are overcome, exploiting the resonant properties of the reversal fields may also suggest novel approaches for high density magnetic recording.
This paper studies MAMR in composite media comprising magnetic elements composed of soft and hard sections coupled ferromagnetcally 5, [16] [17] [18] . MAMR in such media occurs at significantly lower reversal fields, microwave fields, and microwave frequencies compared to those of media based on conventional homogeneous elements. These properties are critical for practical implementations of MAMR schemes for ultra-high density recording. In addition, we show that MAMR schemes can be used for multilevel recording, in which each layer has a distinct FMR frequency and is addressed by tuning the microwave frequency.
account all effective fields and assuring numerical accuracy [6] [7] [8] . When arranged in an array, the elements in Fig. 1 For thin composite elements with thickness below the domain wall length, precession is first enhanced coherently in the soft layer, and then it, in turn, assists reversal in the hard layer. The resonant frequency in this case is mainly determined by the properties of the soft layer and the inter-layer coupling field, which is smaller than K H , thus leading to FMR frequency reduction. For thick composite elements with layers thicker than the domain wall length, the reversal in the soft layer is incoherent. The reversal starts in the top part of the soft section and then a domain wall is formed in the soft section. The domain wall propagates though the soft and subsequently through the hard section. The resonant frequency in this case is mainly determined by the external field with the exchange field. These two fields are much smaller than the anisotropy field K H thus leading to a significant FMR frequency reduction. In addition, since the influence of ferromagnetic coupling through common interface is weak on the spins in upper part of soft layer, they can be easily switched under a weak bias field resulting in a lower reversal field.
MAMR for multilevel recording
From the results shown in Fig. 1 it is clear that the FMR frequencies can be tuned in a wide range by either changing the anisotropy field in the case of homogeneous elements or by changing the anisotropy field, coupling, and geometrical parameters in the case of composite elements. The possibility to tune the FMR and reduce the reversal field near this frequency suggests a novel multilevel recording scheme. The proposed media comprise several layers, where each layer has a different FMR frequency (Fig. 3(a) ). The microwave field is used to assist reversing elements in different levels by tuning the microwave frequency to the FMR frequency of the layer being recorded. This method is anticipated to result in a reliable multilevel recording scheme with a number of advantages over currently considered multilevel recording methods. For example, there expected to be no need in multi-pass recording since every level can be addressed independently. This scheme does not require addressing the elements in different layers by different strength of the reversal field and can allow for a smaller separation between the layers. In addition, a recording system that can generate microwave fields at several frequencies potentially can address several levels simultaneously thus increasing the recording speed.
To demonstrate the possibility of recording elements with different FMR frequencies independently, we consider an example of a two-level system comprised of homogeneous elements ( Fig.   3(a) ). In this system, the element in Layer 1 and Layer 2 have anisotropy In practical systems, due to the gradient of head fields, the field is weaker on the layer farther from the head pole and it is reasonable to put the layer with lower anisotropy farther than the layer with higher anisotropy. From Fig. 3 it is evident that the field and element parameters can be found that lead to individual switching of the layers with different resonant frequency. Various media elements can be used. For example, composite elements in Fig. 1 offer a great flexibility in tuning the structure parameters.
Summary
In conclusion, we showed that MAMR in exchange-coupled composite elements is allowed for significantly reduced reversal bias fields, microwave fields, microwave frequencies, and reversal times.
Reversal mode can be uniform or non-uniform. In the latter case, domain walls in the soft section of the composite elements initiated by the assisting microwave field play an important role. Utilizing the ability to tune the FMR frequency, we suggested a multi-layer recording scheme. In this scheme, elements at different levels are designed to support FMR at different frequencies and they are addressed by a properly tuned microwave field. 
